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Under body blast (UBB) events deliver extremely high rate vertical loading to the occupants 
of military vehicles over durations in the range of 2-10 milliseconds. UBB events result in 
significant, debilitating spinal injuries primarily focused in the thoracolumbar region. To better 
understand the spinal response in the absence of these injuries, as well as the mechanisms behind 
spinal injury patterns seen in theater, seven whole body post-mortem human subjects (PMHS) 
tests were carried out on the Vertically Accelerated Load Transfer System (VALTs) at the Johns 
Hopkins University Applied Physics Laboratory (APL). Specimens were exposed to relevant 
UBB conditions, defined by peak velocity and time-to-peak, varying from 4 m/s to 8 m/s on the 
lower extremity and 4 m/s to 6 m/s on the pelvis. Time-to-peak velocity was in the 5 to 10 ms 
range. All specimens were similarly positioned based on a comprehensive study documenting 
anatomical landmarks on seated warfighters. High resolution spinal acceleration and angular 
velocity data was measured in this unique loading environment with kinetic instrumentation 
mounted at six locations along the spine from the sacrum to T1.  
The objective was to characterize the acceleration and angular velocity response of the PMHS 
spine in the absence of injury and determine factors that cause injuries when they do occur. 
Within the seven specimens, three compression fractures, five transverse process fractures, and 
one iliac wing fracture were sustained. X-ray computed tomography (CT), 3D coordinate 
measurements, and planar X-ray information were used to define initial conditions. Quantitative 
CT analysis was utilized to evaluate the multi-level density of each vertebral body in the region of 
interest for the seven specimens as well as an additional 5 with sustained injuries and revealed a 
significant difference (p < 0.05) in bone mineral density between fractured and non-fractured 
vertebral bodies.  
At a peak input of 222.8 ± 36.9 g in 2 ms at the seat pan, a spine sustained a maximum 
resultant acceleration at L3 of 93.6 ± 8.9 g, as opposed to at the sacrum acceleration which was 
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closest to the loading surface. Superior of L3, acceleration peaks decreased monotonically with 
distance from the seat pan. Minimum relative spinal rotations were observed at the L3-T8 
segment, highlighting the axial alignment of the spine over the L3-T8 region with the vertical 
loading vector. The magnitude of peak acceleration in conjunction with vertical alignment of the 
spinal column is consistent with mechanisms for compressive spinal injury from the literature; 
high accelerations of the vertebral body with minimal bending. The confluence of peak 
acceleration and vertical alignment in the thoracolumbar region also coincides with compressive 
spinal injury patterns from epidemiological combat injury data, showing spinal injuries from 
UBB events focused in the L5-T7 region.  
Loading severity, spinal alignment, and bone quality all showed influence on vertebral 
compression fracture in the UBB loading environment. However, each factor was not sufficient to 
predict fracture in isolation of the other two. Prediction of compressive fracture within the spine 
may be a function of these three factors combined, and possibly others. Expansion of this 
research to develop a function for accurate prediction of spinal fracture could facilitate 
improvements in surrogate design, computational model validity, as well as improved warfighter 
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Military vehicles have evolved in recent history to become more resistant to improvised 
explosive devices (IED), but the massive amount of energy imparted during under-body blast 
(UBB) events still causes debilitating injuries to vehicle’s occupants. UBB events are 
characterized by short duration, high amplitude accelerative loading delivered through the vehicle 
structure both directly to the occupant and through the seat system (Arepally 2008). This type of 
loading induces a range of injuries to the occupants from head and neck injuries (Gondusky 
2005), to upper and lower extremities injuries (Owens 2007; Ramasamy 2008), to spinal injuries 
primarily in thoracolumbar junction and lumbar region (Blair 2011; Ragel 2009; Stemper 2012; 
Possley 2011). These spinal injuries are of particular concern due to the risk of spinal cord 
damage and long term effects on quality of life. Current anthropomorphic test dummies (ATD) 
are limited in their ability to predict the human body response to these events (Bailey 2013). 
Anatomically, the thoracolumbar spine describes the region bounded superiorly by T7 and 
inferiorly by L5 (Yoganandan 2013). This region is characterized by a transition in curvature 
from the lordosis of the lumbar spine to kyphosis of the thoracic spine, both of which are 
accentuated in the standing position. In the seated position, the lumbar spine straightens to 
become more vertical; this straightening typically results in the thoracolumbar spine being the 
spinal region most aligned with vertical loading direction. The thoracolumbar spine is also the 
only skeletal support connecting the pelvis to the mass of the torso. Therefore, during a vertical 
acceleration, such as a UBB event, the thoracolumbar spine becomes the primary load path for 
supporting the inertial mass of the torso. Due to the variable positioning and challenges with 
representation of the torso mass, testing the fully intact spine has a high degree of complexity. 
High rate injury biomechanics has widely focused on decelerations in the horizontal 
direction, motivated primarily by civilian automotive impacts. These impacts and the resulting 
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human response has been studied in the frontal (Petitjean 2002), side (Pintar 2007), and rear 
impact conditions (Michaelson 2008). The horizontal impact studies characterized the human 
response to frontal, side, and rear loading scenarios so that better safety systems could be devised 
and ultimately, lives could be saved. Further, horizontal impact studies have been critical in the 
development of ATDs that are able to accurately and consistently represent the human response 
to loading in the horizontal plane. These ATDs have allowed for researchers to explore the effects 
of various rates and directions of horizontal loading and the resulting predicted injury response.  
However, there remains a significant lack of understanding regarding human body response 
and injury tolerance for vertical inertial loading. Literature exists on vertical events, such as 
aircraft ejections, which occur over a longer duration (>100 ms, Salazar 2009) and with a lower 
magnitude of acceleration as compared to UBB events (Stemper 2012).  The most commonly 
used ATDs for these vertical impact studies were the Hybrid dummies (Humanetics Innovative 
Solutions, Plymouth, MI) which were originally designed for replicating the human body 
response to horizontal impacts. Salzar et al. compared the results of simulated pilot ejections with 
the Hybrid III ATD and post-mortem human subjects (PMHS), showing differing kinematic 
responses between the PMHS and ATD. Polanco investigated the response of Hybrid II and 
Hybrid III ATDs in drop tower tests at high acceleration, short durations and low acceleration, 
long duration and compared his results to commercially available ATD computational models. 
The results of Polanco’s work showed major differences between the Hybrid II and III ATDs as 
well as between the ATDs and computational models. Some of the difficulties of testing with the 
current ATDs is that their construction incorporates non-compliant elements such as a solid 
metallic thoracic spine and rib cage, as well as a lumbar spine component with a kyphotic 
curvature, opposite of the normal human anatomy. While the undesirable effect of the non-
compliant elements and unhuman like, or non-biofidelic, curvature has been mitigated to some 
degree by the replacement of certain components (Gowdy 1999; Polanco 2011), the overall 
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PMHS response characteristics have not been compared to ATDs in the vertical direction. Further 
advances in injury mitigation require both an expanded knowledge of the human response to 
vertical loading and the development of tools to predict injury risk due to vertical loading. 
The inadequacy of ATDs to accurately represent the human body response to vertical loading 
is a gap which can be resolved with further study. The aim of this effort was to characterize the 
non-injurious response of the PMHS spine under three different loading conditions relevant to the 
UBB environment, with a secondary aim of determining response and specimen characteristics 
that could be predictive of spinal injury. The hypothesis being that the thoracolumbar spine is 
most susceptible to fracture due to it seeing the maximum acceleration in the spine and its optimal 
alignment to the vertical loading condition. These factors, combined with the lumbar spine being 
the only structure supporting the mass of the torso, should cause large internal loads leading to a 
high risk of fracture. 
2. Spine Anatomy 
The human spinal column consists of 33 vertebral segments connected by intervertebral discs, 
facet joints, and a multitude of ligaments. There typically are seven cervical vertebrae, twelve 
thoracic, five lumbar, five vertebrae fused to form the sacrum, and another four vertebrae fused 
forming the coccyx. The cervical spine extends from the inferior base of the skull to the top of the 
ribcage. The thoracic spine spans the length of the ribcage and provides anchorage for the 
posterior aspect of the ribs. The lumbar spine is located in the abdominal region and ends at the 
sacrum. The sacrum and coccyx combine to create what is widely known as the “tailbone”. Both 
the cervical and lumbar regions have an anteriorly convex shape, or lordosis. The thoracic region 
has an anteriorly concave shape, also known as kyphosis. For the purposes of the current study, 




Fig. 1. (left) Lateral view of spinal regions and their associated natural curvature in the standing position. 
(http://www.spineuniverse.com/anatomy/spinal-curves) Straightening of lumbar spine curvature between standing 
(middle) and seated (right) position (Stumpf 1995). 
While each region has its own distinct features, all vertebrae in the regions of interest share 
common structural features. Vertebral bodies, the cylindrical, anterior portion of the vertebrae 
consists of a superior and inferior endplate, a cortical shell, and a “spongy” cancellous bone core. 
(Figure 2) The endplates create the superior and inferior surfaces through which the vertebral 
body connects to the intervertebral discs. Vertebral endplates are formed of a thin layer of hyaline 
cartilage fused to the vertebral body. The cortical shell, which encapsulates the vertebral body, is 
thin, 0.64 ± 0.41 mm (Edwards 2001), with a Young’s modulus nearly double that of the 
cancellous, or trabecular, bone that is organized in a lattice-like structure inside the cortical shell 
to resist axial force while minimizing weight. The density of the cancellous bone is often 
quantified by CT measurements or dual-energy X-ray absorptiometry (DEXA) and is correlated 
to compressive strength as the square of density. The vertebral body is the primary load path 




Fig. 2. Sagittal cross-section of lumbar vertebrae showing cortical shell and cancellous bone 
(http://design.ae.utexas.edu/spine/final.html) 
Intervertebral discs form the primary articulation surface between neighboring vertebral 
bodies. (Figure 3) They are fibro-cartilaginous joints constructed of two distinct regions. The 
annulus fibrosus is the region of concentric rings of collagen fibers that are arranged along the 
periphery of the intervertebral disc. The center of the disc is referred to as the nucleus pulposus 
and has a viscoelastic behavior which assists in the absorption and dampening of shock. The 
purpose of the disc as a whole is to resist axial compression, tension, rotation, and lateral and 
antero-posterior shear. 
 




The posterior elements of vertebrae are the bony elements that emanate from the superior, 
posterior aspect of the vertebral body and encapsulate the spinal column. (Figure 4) The pedicles 
attach directly to the vertebral body anteriorly and terminate at the lamina which forms the 
posterior border for the spinal canal. The spinous process is located medially and extends 
posteriorly from the lamina. The spinous process has a distinctly different shape in the lumbar, 
thoracic, and cervical spinal regions. The transverse processes extend laterally from the pedicles 
on both the left and right. In the thoracic spine, the transverse processes are the posterior insertion 
points for the ribs. Finally, the superior and inferior articular processes are located near the 
intersection of the lamina and the pedicles and interact to create the facet joints between 
vertebrae. 
 
Fig. 4. Axial and posterior view of thoracic spine showing structure and interaction of posterior elements 
(http://www.mayfieldclinic.com/PE-AnatSpine.htm) 
The facet joints are the posterior-lateral articulation surfaces of vertebrae joints. (Figure 4) 
The surfaces are covered with a layer of hyaline cartilage and the joint is encapsulated in capsular 
cartilage. The capsule is filled with synovial fluid which allows for a smooth gliding motion 
while the collagen rich cartilage prevents joint distraction. The facet joints provide antero-
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posterior stability to the spine as well as some vertical and rotational stability. The facets provide 
a secondary load path during vertical loading of the spine. 
A major component of spinal stability that is not a focus of this study is the spinal ligaments. 
(Figure 5) The major spinal ligaments are the anterior longitudinal ligament (ALL) that runs 
along the anterior aspect of the spine from the skull base to the sacrum connecting to the anterior 
aspects of the vertebral bodies. The posterior longitudinal ligament (PLL) runs along the posterior 
aspects of the vertebral bodies through the spinal canal. The interspinous ligaments connect 
neighboring spinous processes along their length while the supraspinous ligaments connect the 
most posterior aspect of the spinous processes. The inter- and supraspinous ligaments provide 
support to flexion of the spine. 
 
Fig. 5. Lumbar vertebrae depiction of spinal ligaments (http://www.mayfieldclinic.com/PE-AnatSpine.htm) 
3. Literature Review 
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3.1 Whole Body Testing 
The field of impact biomechanics began in earnest in 1939 when Gurdjian and Lissner 
founded the Bioengineering Center at Wayne State University for the purpose of conducting 
experimental testing on post-mortem human subjects (PMHS) to better understand head injury 
thresholds. In the subsequent 76 years, numerous laboratories and test facilities across the world 
have undertaken the study of impact biomechanics to better understand the response of the human 
body to a wide variety of loading cases. Occupant protection research test subjects have consisted 
of human volunteers (Stapp 1951, 1962), PMHS (Bailey 2013, Michaelson 2008, Pintar 2007), 
animals (Kazarian 1970), or anthropomorphic test dummies (ATDs) such as the Hybrid III 
(Bailey 2013, Petitjean 2002, Polanco 2011), Hybrid II (Polanco 2011), Thor (Petitjean 2002, 
Pintar 2007), or modified versions of the aforementioned ATDs (Gowdy 1999).  
While each different type of test subject has its advantages and unique challenges, ATDs 
offer the simplest option from an engineering perspective. They are designed to be durable and 
repeatable in multiple loading conditions and equipped with sensors, such as load cells and in-line 
accelerometers, which would be difficult to incorporate into other test subjects without disrupting 
critical structures. Repeatability is achieved by removing degrees of freedom from ATDs in 
directions that are non-critical to the loading they are designed for, such as horizontal loading for 
the Hybrid dummies. This is especially true for the spine, a region of complex interactions that 
are not of primary focus in horizontal loading due to lack of real-world injury. Using ATDs 
designed for horizontal loading conditions to better understand the response to a vertical loading 
condition can create sensor responses that would falsely predict human injury (Gowdy 1999, 
Bailey 2013). 
In the vertical loading condition, PMHS have been used frequently because they offer the 
best combination of biofidelity, versatility of instrumentation, and clarity in the interpretation of 
response. Examples of vertical loading environments that have been examined with prior PMHS 
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testing are ejection seat loading, helicopter crashworthiness, land mine blasts, and high speed 
hydroplaning watercraft. The most direct correlate to UBB loading of this set is ejection seat 
loading, which was originally studied because of the high incidence of vertebral fracture during 
emergency egress from aircrafts (King 1973, Glaister 1965). Early PMHS studies exposed 
subjects to vertical accelerations, incident at the pelvis, resulting in flexion of the head and 
sustained anterior compression fractures of the thoracolumbar region (Vulcan 1970, Ewing 1972). 
These studies highlighted the importance on bending to injury creation and that manipulation of 
spinal posture can increase the injury threshold of PMHS subjects.  
3.2 Component Level Testing & Injury Mechanisms 
To achieve greater postural control and allow for the measurement of boundary conditions 
that would otherwise be impossible with whole body PMHS, component level testing has been 
done to identify response characteristics at the vertebrae component and motion segment (2 or 
more vertebrae) level. The following section explores the current state of the science for 
component level testing identifying injury mechanisms and thresholds.  
For the purpose of identifying mechanical properties of different components of the 
vertebrae, commonly for finite element modeling, individual vertebral body testing is done at a 
variety of loading rates. Studies have been done looking at the overall vertebrae to isolate the 
effect of loading rate on fracture mechanics (Dooley 2012, Stemper 2015, Belkoff 2001). For 
high fidelity FE models, it is also necessary to determine the pre-failure properties of all vertebral 
components such as endplates, cortical shell, trabecular core, as well as the facet joints (MacLean 
2007, Eswaran 2006, van der Veen 2008, Oxland 2003). FE studies have been done, using the 
experimentally derived properties, to investigate other parameters such as age, disc degradation, 




To investigate injury types other than compression fractures, as well as highlight the bending 
behavior of the spine, motion segments of three vertebral levels or greater have been studied both 
experimentally and computationally. Denis (1983) provides a comprehensive review of the four 
main injury types, compression fracture, burst fracture, seat-belt-type (also known as chance 
fractures), and fracture dislocation, and the modes in which they occur in motion segments. More 
recently, studies have been done to recreate specific injuries seen in environments, such as UBB 
events, in order to assist in their prevention (Langrana 2001, Stemper 2014, Zhang 2011). Other 
studies have looked at the behavior of the spine in bending to further understand the interaction of 
its complex structure (Patwardhan 1998, Zhang 2013, Lu 2013). 
3.3 Bone Quality Assessment 
Bone quality measurements, such as quantitative computed tomography (qCT) and dual-
energy x-ray absorptiometry (DEXA), have been used as a metric for analysis in the 
aforementioned studies. It can be used as a specimen selection criterion to ensure that a PMHS 
falls within a representative range based on medical data and the population being investigated. 
Schreiber et al correlated qCT measurements in Hounsfield units to DEXA scores, a more 
clinically relevant assessment of bone quality. Other studies, such as Kopperdahl et al, have 
associated qCT measurements to material properties such as yield stress and Young’s modulus. 
4. Materials and Methods 
This protocol was reviewed and approved by the U.S. Army Medical Research and Material 
Command Office of Research Protections based on the U.S. Army Policy for Use of Human 




4.1 Test Device 
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The Vertically Accelerated Load Transfer System (VALTS) has been developed to create 
floor and seat pulses representative of the UBB vehicle loading environment. Standing at a total 
height of 10.5 meters, the VALTS has the capacity to be able to simultaneously provide vertical 
loading to two specimen or test devices.  The system features controlled vertical accelerative 
impulse to the test specimen body (i.e., simulating global accelerative loading), and controlled 
decelerative impulse to the test specimen body (i.e., simulating slam-down impact of the vehicle). 
The current study focuses only on the accelerative portion of the UBB event. Additionally, due to 
the unique nature of the UBB loading environment, the VALTS includes separately controllable 
floor and global body load platforms which allow for the simulation of different loading rates and 
magnitudes of the vehicle floor and superstructure. Achieved velocity ranges for the VALTS 
range from 2 to 10 m/s with durations of 5 to 40 ms for the carriage and 7 to 16 m/s with 
durations of 2 to 10 ms for the floor. 
 




An aluminum seat designed with dimensions relevant to fielded seat systems and 
incorporating a five point belt was used for this study. (Figure 6) Load profiles to the floor and 
seat were determined by comparisons to UBB response data with a focus on the sub-injurious 
levels of exposure.  
4.2 Experimental Input Conditions 
Three loading conditions were used, representing varying severity levels. Simultaneous floor 
and seat motion was used for all conditions. 
 Condition A: Mild exposure, 4 m/s peak velocity with 5 ms time to peak (TTP) on 
both the floor and seat.  
 Condition B: Moderate exposure, 4 m/s velocity with 10 ms TTP on the seat, 6 m/s 
velocity with 5 ms TTP on the floor.  
 Condition C: Severe exposure, 6 m/s velocity with 10 ms TTP on the seat, 8 m/s 
velocity with 5 ms TTP on the floor.  
Each PMHS was exposed to a single impact at one of the three different loading conditions, 
summarized in Table 2. Timing of the loading to the floor and seat achieved a differential of 0.5 ± 
0.9 ms, where positive timing indicates the floor loading preceding the seat loading. 




A (n = 4) B (n = 2) C (n = 1) 
Peak Seat Accel. (g)  242.9 ± 47.2 136.2 ± 31.2 157.9 
Peak Seat Vel. (m/s)  3.8 ± 0.5 4.2 ± 0.2 5.8 
Time-To-Peak (ms)  5.6 ± 0.3 9.1 ± 0.2 9.6 
Peak Floor Accel. (g)  143.8 ± 20.2 255.1 ± 9.0 362.8 
Peak Floor Vel. (m/s)  3.8 ± 0.5 6.1 ± 0.0 8.2 




4.3 Tested Surrogates 
Specimen variability was minimized through restrictions on anthropometry and bone quality. 
The targeted specimen was between 18 and 80 years of age with anthropometry within one 
standard deviation of the 50
th
 percentile military male and a DEXA Lumbar t-score between -1 
and 2.5. The average specimen was 72 ± 3.3 years of age, weighed 82.5 ± 10.6 kg, and had a total 
stature of 177.6 ± 6.4 cm. Average specimen BMI was 26.2 ± 3.1 and Lumbar t-Score was 1.22 ± 
0.09. Specimens with prior traumatic injuries to the spine, skull, or long bones, as well as 
specimen with spinal deformities such as bridging osteophytes and degenerative discs, were 
excluded from the study based on review from a radiologist and biomechanics experts.  
4.4 Instrumentation 
In order to characterize the timing, magnitude and transmission of the loading pulse from the 
system, the PMHS was instrumented with a suite of sensors to record both the local mechanical 
response of individual segments as well as the overall kinematic response. These sensors included 
three axis acceleromoters and angular veclocity sensors (6DX PRO 2k-18k, DTS, Seal Beach, 
CA). These sensors were mounted to bony anatomy of the specimen through custom designed 
mounts that were matched to the specimen’s specific spinal geometry. To install these mounts 
along the spine, the targeted vertebral levels were located through palpation and verified through 
use of a lateral X-ray. With the skin retracted, bilateral vertical incisions were made along the 
lateral edges of the supraspinous ligament allowing for access to the posterior surface of the 
lamina. The facets were then located using metallic pins in conjunction with a P-A X-ray to 
determine insertion trajectory. The mounting block was then sized to minimize the offset from the 
lamina without contacting the spinous processes. (Figure 7) 
Attached to the posterior surface of the spine mounts by threaded rod were four marker 
kinematic tracking blocks which were optically tracked by a 16-camera Vicon system sampling at 
1000 frames per second (fps). In addition, kinematic response data was also captured by four high 
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speed cameras sampling at 7500 fps for the frontal and lateral views (Phantom v711, Vision 
Research, Wayne, NJ)., 5000 fps for the posterior view (Phantom v10, Vision Research, Wayne, 
NJ)., and an onboard, shock resistant camera sampling at 1200 fps (Phantom Miro3, Vision 
Research, Wayne, NJ). 
Additionally, accelerometers were used to measure both the system input (Endevco 7270A-
6k, Meggitt Sensing Systems, Irvine, CA) to the PMHS as well as the response at areas where 
specimen geometry constrained the amount of available space for sensor installation (Endevco 
7264C-2k, Meggitt Sensing Systems, Irvine, CA). Finally, in addition to these sensor types, strain 
gages (C2A-06-062LW-350, Vishay Precision Group, Wendell, NC) and acoustic sensors (PICO 
200-750 kHz, Physical Acoustics, Princeton Junction, NJ) were used to determine the presence 
and timing of any fractures that occurred during testing. All sensor data was recorded at 1 MHz 
and body responses were interpreted using the SAE J211 coordinate system (SAE 2003, Figure 
7). 
 
Fig. 7. (top left) Frontal X-ray showing metallic pins used to determine location and trajectory of 
pedicle screws, (bottom left) Lateral X-ray showing installed T12 spinal 6DX block, (middle) Seated X-ray 
of spinal alignment prior to test execution. (right) Pictorial representation of SAEJ211 coordinate system 




  Each specimen was positioned in an upright seated condition. Targeted anatomical 
landmarks developed from a seated soldier study were used to guide the positioning of each 
specimen (Reed 2013). Thirteen metrics were used to define correct specimen orientation prior to 
testing. (Table 1) A 90° angle between the floor and tibia, as defined as the vector between the 
lateral tibial condyle and lateral malleolus, as well as tibia and femur, as defined by the vector 
between the greater trochanter and lateral femoral epicondyle, was achieved for positioning of the 
legs. Vertical and fore-aft differences between the left and right anterior superior iliac spine 
(ASIS) and left and right acromion process were used to align the shoulders and hips. A 40° bony 
angle of the pelvis with respect to the global vertical axis, as defined by the plane created by the 
left and right ASIS and the pubic symphysis, was achieved to align with the seated soldier study. 
(Figure 8) The distance from the midpoint of the ASIS’ to the cervicale, the most posterior point 
of the C7 spinous process, was controlled for upright posture. Alignment of the head was 
achieved by positioning the tragion, a point in the notch of the ear anterior of the auditory canal, 
anterior of the cervicale and inferior of the infraorbitale, the most inferior point of the ocular 
cavity near the intersection of the maxilla and the zygomatic arches. 
Table 2. Experimental specimen positioning 
Positioning Req't Targeted Position Achieved Position 
Pelvis Angle (°) 40 ± 5 42.6 ± 3.2 
Foot Angle (°) 90 ± 2 90 ± 1 
Knee Angle (°) 90 ± 2 90 ± 1 
ASIS Fore-Aft Difference (mm) 0 ± 10 0.9 ± 3.7 
ASIS Vertical Difference (mm) 0 ± 10 2.2 ± 3.5 
ASIS aft to Cervicale (mm) 90 ± 10 87.0 ± 6.3 
Acromion Fore-Aft Difference (mm) 0 ± 20 0.6 ± 8.7 
Acromion Vertical Difference (mm) 0 ± 20 9.8 ± 11.2 
Tragion aft to Cervicale (mm) 85 ± 10 85.2 ± 5.7 
Infraorbitale superior of Tragion (mm) 10 ± 5 8.9 ± 3.3 
Boot Heels Separation (mm) 295 ± 10 294.6 ± 1.4 
Boot Toe Separation (mm) 295 ± 10 294.6 ± 1.4 




 Positioning was confirmed through lateral X-rays as well as use of a coordinate measurement 
machine (CMM). The CMM was used to digitize anatomical landmarks and rigid sensor mounts 
immediately prior to execution of the test and allowed for comparison of position repeatability 
across tests 
 
Fig. 8. (left) CT Reconstruction of tested pelvis registered to the pre-test position using CMM data. 
(right) Pelvis position based on seated solider study showing target pelvis position of 40° bone angle 
4.6 Signal Processing 
 Based on spectral analysis of the recorded signals, both accelerometers and angular 
velocities were filtered using 4-pole Butterworth low pass filters at 3000 kHz and 1650 Hz 
respectively. These filter specifications were selected to maintain the relevant response while 
eliminating potential noise in the signal response. Acoustic signals were filtered with a 4-pole 
Butterworth high pass filter at 20 (Allsop, 1991, Funk 2002, Cormier 2008, Van Toen 2012). 
4.7 CT Analysis 
Whole body CT scans with a slice thickness of 0.625 mm were taken prior to testing. 
Individual vertebrae in the pre-test CT were analyzed to determine average Hounsfield unit (HU) 
intensities at three levels using an analysis technique adopted from Schrieber et al. The three 
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elliptical regions of interests (ROI) per vertebral body were manually delineated on axial slices of 
the CT scan: one immediately inferior to the superior endplate, one in the middle of the vertebral 
body, and one immediately superior to the inferior endplate (Figure 9). Each ROI was drawn as 
large as possible within the vertebral body while avoiding cortical bone, and the areal mean 
intensities were calculated for each ROI. All three mean intensities were then averaged to 
compute a final mean HU intensity for each vertebral body. A one-tailed t-test was conducted 
between the mean HU intensities of the fractured vertebral bodies and those of the uninjured 
bodies to test the hypothesis that the mean of the population of all fractured bodies is less than 
that of the unfractured bodies. We conducted the analysis using the open source image software, 
FIJI, which is a distribution of the image analysis software known as ImageJ (Schindelin 2012, 
Schneider 2012).  
 




5.1 Sustained Injuries 
 Injuries were observed in 4 of the 7 tests that were executed under Conditions A-C. One 
of the four specimens at Condition A sustained a single transverse process fracture at each L4 and 
L5 which were characterized as mild injuries. 
 Of the two specimen exposed to Condition B, one sustained a bilateral transverse process 
fracture of L4, a single transverse process fracture at L2, and a non-displaced, no loss of vertebral 
body height based on CT scan, compression fracture at L4. The other Condition B specimen 
sustained a non-displaced compression fracture of T6 and a fracture of the 6th rib on the right 
side. Both injury cases were characterized as moderate injuries because of the minimal loss of 
vertebral body height in the compression fractures. 
 The single specimen at Condition C sustained comminuted fracture of the right iliac 
wing, fracture of the left body of the sacrum, and a displaced compression fracture of T12. These 
were categorized as severe injuries. 
5.2 Spinal Acceleration 
 Sagittal accelerations are shown in Figure 10 for each condition. Condition A and B, the 
low and moderate cases respectively, show a similar initial rise and peak but Condition A, due to 
having a shorter duration input shows an earlier unloading response as indicated by the 47% 
reduction in magnitude in the Z direction between 4.5 and 6 milliseconds. Condition B and C 
achieved longer sustained peak accelerations. Condition C, the severe case, displays unstable 




Fig. 10. T12 sagittal (X and Z) acceleration responses from spinal 6DX mounts at mild, moderate, and 
severe conditions. The severe cases show late phase noise which was associated with spinal injury. The 
mild condition (dashed line) is an average response of the four tests. 
 Peak resultant accelerations in the sagittal plane, distributions where applicable, are 
shown in Figure 11. At each condition, the maxima resided in the thoracolumbar region. For 
Condition A, T12 showed the highest mean response at 100.4 ± 20.6 g. Condition B and C 
showed a maxima occurring at L3 at 81.2 ± 13.1 g and 139.9 g respectively. The primary 
component of the resultant at each level, across all conditions, was in the axial (Z) direction with 
a mean contribution of 88.8% to the peak resultant.  
 
Fig. 11. Average peak resultant acceleration in the sagittal plane across the PMHS spine 
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 An example of a full spine response can be seen in Figure 12.  Of note is the phasing of 
the acceleration transmission up the spine. From the onset of acceleration at the sacrum (1.5 ms) 
to arrival of the pulse at the T1 spinal level (3.5 ms), the total duration is approximately 2 ms. 
When bridging osteophytes were present in the spine, a single case, the delay between onset at 
neighboring segments was shortened by over 80% and seemed to be experienced nearly 
simultaneously. (Figure 13) 
 
Fig. 12. Characteristic full spine axial (Z) acceleration response to Condition A (mild severity) showing 




Fig. 13. Observation of the effect of bridging osteophytes: (left) Spine without osteophytes shows a 1.8 ms 
phasing between onset at T5 relative to T12, (right) Spine with bridging osteophytes from T12 to T6 shows a 0.4 ms 
(80% reduction) phasing between onset at T5 relative to T12 
5.3 Spinal Kinematics 
 The rotational behavior of the spine showed similar trends to what was expected due to 
the anatomy. The sacrum showed the highest degree of rotation with a consistent posterior 
rotation of 6.7 ± 1.7°. In one instance, the seat loading preceded floor loading by >2 ms which 
resulted in the sacrum going into anterior rotation. Other than T1 all other vertebral bodies went 
into a positive rotation about the Y-axis with minimal rotation in the X and Z axes. A 
representative rotational response of the spine is shown in Figure 14. 
 In addition to the individual rotational behavior of the spine, the relative rotation across 
each spine segment was calculated. Segmental rotations were calculated by evaluating the 
difference between the rotation of the superior vertebral body of the segment relative to the 
inferior vertebral body. For example, the L3-S1 segment showing a negative rotation indicates the 
relative angle between L3 and S1 was decreasing.  The maximum relative rotation was seen in the 
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lumbar and upper thoracic spine. The thoracolumbar region, T12-L3 and T8-T12, showed the 
lowest level of relative rotation across the segments. 
 
Fig. 14. Characteristic spinal angular rate response at Condition A (low severity) 
  
Fig. 15. Relative spinal segment rotation between upper and lower vertebral bodies. Condition C 
(severe case) sustained a vertebral body fracture at T12 prior to peak rotation. 
5.4 CT Bone Density 
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Vertebrae L5 to T5 were analyzed to compute mean body HU intensities from the CT scans 
of the twelve specimens. (Table 3) After each specimen was tested, a licensed medical examiner 
evaluated each PMHS specimen for vertebral body fractures (boxed values) by both CT and 
anatomical dissection. 
 A one-tailed t-test was conducted between the mean HU intensities of the six fractured 
vertebral bodies and those of the remaining bodies to test the hypothesis that the mean of the 
population of all fractured bodies is less than that of the non-injured bodies. A significant p-value 
(p < 0.05) resulted from the test. Additionally, a two-tailed t-test was conducted between the 
mean HU intensities of the fractured vertebral bodies from T5 to T10 and the intensities of those 
fractured from T11 to L5. A significant p-value (p < 0.05) resulted from the test. 
Table 3. Summary of mean HU values for each vertebral body analyzed within each tested specimen. The gradient 
from light to dark indicates decreasing HU values relative to the set. Boxed values are vertebral bodies that sustained 
















L5 185 114 142 149 107 153 126 175 123 157 86 118 
L4 173 146 99 136 91 142 119 164 115 144 97 109 
L3 175 120 89 152 85 125 117 154 107 149 94 96 
L2 145 106 90 143 85 130 118 144 102 133 84 111 
L1 130 91 78 118 85 113 122 145 112 87 89 105 
T12 118 172 112 123 104 109 131 163 116 96 106 102 
T11 121 140 126 142 136 115 132 165 132 91 128 115 
T10 168 123 107 147 162 116 133 161 137 133 123 127 
T9 167 200 110 138 109 128 116 149 133 118 122 131 
T8 122 191 96 139 89 123 131 181 130 144 147 114 
T7 136 189 100 164 142 112 131 190 133 157 143 122 
T6 128 133 129 157 184 117 133 198 135 192 150 119 





Four out of the seven tested PMHS yielded acceleration and angular velocity response data 
along the length of the spine without sustaining a fracture along its primary load path. The 
measured spinal response peaked in the thoracolumbar region at L3 for condition B and C, and 
T12 for condition A. The sacrum acceleration was notably lower, 35% on average, than the L3 
acceleration which was an unexpected result due to it being only joint connecting the pelvis to the 
lumbar spine. The cause of this phenomenon may be due to the fact that the measurement of the 
sacrum acceleration is being collected at a single point on its posterior aspect and this point 
acceleration does not accurately represent the inertial loading of the pelvis on the lumbar spine. 
The location of measurement is not coincident with the center of gravity of the pelvis and a rigid 
body assumption is improper due to the flexibility of the sacroiliac joint, the fibrous joints 
connecting the iliac wings to the sacrum. Acceleration and angular velocity sensors were added in 
later tests to record the behavior of the anterior portion of the pelvis, and though enough data was 
not collected to draw conclusive evidence, the accelerations at the ischial tuberosities were 
consistently higher than those recorded at the sacrum. The relative difference between the anterior 
loading and posterior loading of the pelvis may influence the low acceleration response recorded 
at the sacrum. 
Three of the seven PMHS sustained compression fractures during testing. Two the three 
compression fractures created, one each at condition B and C, fell within the thoracolumbar 
region while the third, at T6 at condition B, was located atop a spinal column with bridging 
osteophytes from T12 to T6. (Figure 13) The thoracolumbar region, where epidemiological 
studies have shown compression and burst fractures to be most prevalent in UBB events from 
theater (Blair 2012), contained peak spinal accelerations coincident with minimal relative 
rotations of spinal segments. High acceleration in conjunction with minimal segmental rotation 
are in agreement with the behavior that has been shown to cause compression, burst, and wedge 
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fractures in spinal segments from component level testing (Storvik 2010, Yoganandan 2013). 
Alignment of the lumbar spine also contributes while seated, a more vertically aligned spinal 
column as opposed to the natural standing lordosis (Figure 1), increasing the load share handled 
by the vertebral body since less bending results in less loading of the facets (Shirazi-Adl 1987, 
Miller 1983).  
The CT bone density measurements showed a significantly lower HU value for fractured 
bodies as compared to non-fractured bodies. HU values have been highly correlated to bone 
strength based on previous literature (Kopperdahl 2002, Schreiber 2011), so lower HU values 
should correspond to a higher risk of injury, which agrees with the results. However, the injured 
vertebral bodies were not the lowest HU value in their respective spines, or even the lowest value 
nearest the input, indicating that while bone density may have value in assessing risk of failure, it 
alone cannot be predictive of failure location within a spinal column. 
This study is limited by a small sample size and narrow range of input conditions. Spinal 
accelerations were analyzed in their installed coordinate frame which, while having less than 10° 
sagittal angle difference on average, does not correspond to an anatomical frame or the defined 
global coordinate frame. Bone density measurements were not calibrated against a radiographic 
phantom, similar to Schrieber et al, however they were done using consistent parameters so 
relative differences across specimen within the current study are possible, but HU values should 
not be used for wider analysis.    
The experimental model has shown to be repeatable and has yielded valuable results. This 
study is ongoing and is projected to increase the sample size while exploring the effect of both 
duration and magnitude of input velocity. Further analysis will analyze the spinal accelerations in 
a parallel coordinate frame so that a transfer function may be developed between input conditions 
and spinal response. Combination of Vicon, CT, and CMM data will be utilized to define 
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vertebral body initial positions to better understand the segmental rotations and spinal 
compression and their association with injury. The results of the current study and ongoing work 
can be used to more accurately define boundary conditions for component level spine testing. 
7. Conclusions 
Spinal accelerations and angular velocities were recorded at six levels along the lumbar and 
thoracic spine yielding non-injurious spinal acceleration and angular velocity data in four of 
seven PMHS tests. From the three specimen that sustained compression fractures, the following 
trends were observed: 
 Peak spinal acceleration was observed in the thoracolumbar spinal region for all 
loading conditions. The peak loading did not consistently coincide with the location 
of the compressive fracture sustained.  
 Relative segmental rotation was minimal in the region L3-T8, indicating that within 
this segment, the spinal column was axially aligned with the vertical loading vector. 
Previous literature supports that pure compression maximizes load on the vertebral 
body and reduces the load shared by the facet joints. 
 Quantitative CT bone density analysis identified fractured vertebral bodies as having 
significantly lower relative densities than unfractured vertebral bodies. However, 
fractured vertebral bodies were not always the least dense body within a specimen or 
even the least body closest to the loading. 
From these observations, while severity of loading, positioning, and bone density all 
influence the risk of vertebral compression fracture, none of those three factors are predictive of 
injury in isolation of the others. Further exploration on the influence of each of these factors to 
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injury risk may uncover a relationship allowing prediction, and eventually mitigation, of 
compression fracture in the vertical inertial loading environment.
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Appendix A: Measured System and Spinal Responses 
The following section contains all of the acceleration and angular rate responses from the system 
and spine that were included in the analysis. 
 
Figure A.1 System input acceleration and velocity for Condition A: Test 1 
  
  





Figure A.3 System input acceleration and velocity for Condition A: Test 3 
  
Figure A.4 System input acceleration and velocity for Condition A: Test 4 
  




Figure A.6 System input acceleration and velocity for Condition B: Test 2 
  
Figure A.7 System input acceleration and velocity for Condition C: Test 1 
 




Figure A.9 Spinal angular rotation and velocity for Condition A: Test 2 
 
Figure A.10 Spinal angular rotation and velocity for Condition A: Test 3  
 




Figure A.12 Spinal angular rotation and velocity for Condition B: Test 1 
 
Figure A.13 Spinal angular rotation and velocity for Condition B: Test 2 
 




Figure A.15 Spinal sagittal acceleration responses (X and Z) for Condition A: Test 1 
  
Figure A.16 Spinal sagittal acceleration responses (X and Z) for Condition A: Test 2 
  




Figure A.18 Spinal sagittal acceleration responses (X and Z) for Condition A: Test 4 
  
Figure A.19 Spinal sagittal acceleration responses (X and Z) for Condition B: Test 1 
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